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Hydrogen Fuel Cells
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• The Climate Change Crisis 
brought on by global 
greenhouse gas emissions 
has proven current rates of 
fossil fuel consumption to be 
unsustainable.

• Hydrogen fuel cells are a 
alternative fueling method 
which can generate electricity 
using oxygen and hydrogen 
while emitting only water and 
heat.

• Bipolar plates are an 
important component in fuel 
cells that are exposed to 
corrosive conditions and 
require protective coating.

Bipolar plate
Hydrogen Fuel Cell



Additive Manufacturing
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Additive manufacturing creates 
parts by adding material to a 
structure. 

Subtractive manufacturing requires 
carving a bulk of material into a 
part.

Additive manufacturing can improve 
fuel cell development by

 Increasing design development 
speed

 Enable complex designs through 
more flexible fabrication

 Reduce wasted excess material

SEM of AM steel surface

AM steel sample

Directed Energy Deposition 
Additive Manufacturing of 
stainless steel pucks



Polishing

Project Overview
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Remote Plasma 
Cleaning

DED Additive 
Manufacturing Physical Vapor 

Deposition
The goal of the project is to develop a process for strongly adhering a coating of titanium to additively manufactured 
stainless steel. 
• DED Additive manufacturing produces the samples
• Grit polishing or milling and bead blasting smoothens the sample surfaces
• Remote Plasma Cleaning cleans the samples within isolation of the deposition chambers
• Physical vapor deposition deposits the titanium coating onto the stainless steel

Titanium

Stainless Steel



Project Overview
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Milled 
and 
Bead 
Blasted

360 Grit 
Polishing

600 Grit 
Polishing

1200 Grit 
Polishing

S1: Electron Beam Deposition

S2: Sputter Deposition

The main experiment we focused on for the project concerns the effect of surface roughness and physical vapor deposition on 
titanium coating adhesion. 

A batch of 8 samples were produced and grouped into 2 sets. Each sample within a set received a different surface smoothening
treatment.

Each set received a ~1μm titanium coating by a different physical vapor deposition technique.

Each sample had its film adhesion tested to examine if there were any differences in adhesion strength.



MPA – 11 Process
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Isaac, Nick, and Charles 
will all meet with material 
wizard Dr. W and possibly 
Dr. Igor to decide on what 
roughnesses we should be 

testing

As soon as specimens are 
manufactured, 2 unprocessed 
samples will be sent to MST-7 

for experimental work.

We will catolog all specimens 
weight, density, and volume. 
Plus CT scan, and possibly X-

ray, a limited number of 
samples.

Next we will vacuum chamber 
and epoxy mount all 

unprocessed specimens

We will grind/polish all 
specimens to correct 

roughnesses. Along with 
slicing one to see the cross 

grain structure.

We will then reinspect
samples under microscope

Prep specimens to be 
transferred to Isaac at MST-7 
to being working his magic on 

coating with Ti.

After all tests are Run and 
Over Lord Tommy approves 
we will compile the results 
into a comparitive study.

Process followed by Nick and Charles

Nick and Charles produced 
several batches of samples 
by this process. Batch 3 was 
the main experimental batch 
while Batch 2 also provided 
some useful information



MST – 7 Experiment Process

9/27/2021 |   7Los Alamos National Laboratory

Optical 
Microscope 
Inspection

•Obtain pre-deposition surface images 
for comparison amongst samples and 
comparison after deposition

Stylus 
Profilometry

•Record surface roughness to 
evaluate against adhesion strength

Solvent 
Cleaning

•Remove contamination by cleaning with acetone, 
followed by methanol, and DI water, for 30 
minutes each under sonication

Plasma 
Cleaning

•Clean remaining contamination on samples from within the 
deposition chamber by remote plasma cleaning with air as 
the plasma source

Ti
Deposition

•Coat titanium on samples by electron 
beam evaporation deposition or sputter 
coating deposition

Stylus 
Profilometry

•Evaluate changes in 
surface roughness after 
titanium deposition

Adhesion 
Test

•Evaluate adhesion 
strength of titanium films 
by stud pull test

Optical 
Microscope 
Inspection

•Evaluate changes in surface 
roughness after titanium coating. 
Inspect adhesion test site

Roughness
Profile

Process followed by Isaac and Doug 
of MST-7



Remote Plasma Cleaning
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• Remote plasma cleaning provides a method to clean surface contaminations from samples 
within a vacuum chamber. 

• A plasma chamber ionizes the process gas and produces reactive radicals which gently flow 
into the chamber, react with contaminants, and form byproducts that are pumped away.

• Samples can be cleaned while isolated from the external environment and just before 
deposition  

• The following process parameters were used before titanium deposition

Recipe Recipe 1 80 
mm Fast Tube

RF Power 
Forward 75 W

Process Gas Air RF Power 
Reverse 1 W

Pressure 51.2 mTorr Plasma
Intensity 383

Flow 2301 Time 5 minutes

Temperature 26.5°C

Sample

Source

Pump

Plasma 
cleaner



Magnetron Sputter Deposition
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Magnetron Sputter Deposition is deposition technique in which a material is physically 
sputtered into a vapor by the bombardment of ions from a plasma. That vaporized material 
flows to a sample where it forms the deposited film on the surface of the sample.

The source material is known as the target. 

The sample being coated is known as the workpiece or substrate.

A magnetic field is used to constrain electrons near the surface of the target. These electrons 
ionize the sputtering gas, so constraining them maintains higher plasma densities near the 
target which leads to high deposition rates. The field can be created by magnets or 
electromagnets.

The process takes place in a vacuum chamber, so pumping is required to vent and evacuate 
the chamber.

The sputtering gas to form the plasma is usually selected to have a higher molecular weight 
for more efficient sputtering, so gases such as Argon are a common selection.

The target is held at a negative voltage bias to attract ions to the target for bombardment.

A quartz crystal monitor is used to infer how much material is being deposited on the 
substrate and the deposition rate. 

A shutter protects the workpiece from deposition until the system has ramped up and the 
deposition is ready to take place. At that moment, the shutter is moved away.

Sputtering 
Target

Shutter

Quartz 
Crystal 
Monitor

N SS

Sputtering 
Gas Inlet

Pumping

−

- - -
Ar+

- - -

Ar+

Ar+

Ar+

Ar+

Ar+

Ar+

+
Ar

Ar

Ar

Ar

Ar

Workpiece
Deposited
Film

Magnets



Magnetron Sputter Deposition
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Advantages
• Layer-by-layer sputtering of target can sometimes maintain 

composition of the target, so alloys and compounds can sometimes be 
deposited. Although, this is not always the case

• Deposited film is very dense, leading to strong adhesion
• The material source is solid, so deposition can occur in many 

directions, such as from top to bottom
• Deposition configurations conformal to the sample can be used
• Sputtering conditions are very reproducible from run-to-run
• Sputter coating can be easier than evaporating materials with high 

melting temperatures

Disadvantages
• Vaporization rates can be low compared to thermal evaporation
• Contaminants from deposition chamber walls can be desorbed by 

heating and ion scrubbing and contaminate the sample
• Sputtering is not very energy efficient and sputtering targets can have 

high costs



Electron Beam Evaporation Deposition
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Workpiece
Quartz 
Crystal 
Monitor

Source

Filament

Shutter

Accelerators

Magnetic 
Field

Pump

Electron 
Beam

Electron beam evaporation deposition is a variation of thermal evaporation 
deposition techniques in which an electron beam is used to heat a source of 
material until it vaporizes such the that flux of vapor deposits onto a sample.

The sample is also often referred to as the workpiece or substrate.

An electron source, such as a filament, generates the electrons. 

High voltage applied to the filament accelerate the electrons and form them into a 
beam.

A magnetic field or electric field is used to deflect the electron beam around to heat 
the source. The filament is kept below the source to protect it from deposition.

A quartz crystal monitor is used to infer the deposition rate and total deposition 
thickness at the workpiece.

A shutter protects the workpiece from deposition until the system has ramped up 
and the deposition is ready to take place. At that moment, the shutter is moved away.

The process takes place in a vacuum chamber, so pumping is required to vent and 
evacuate the chamber.



Electron Beam Evaporation Deposition
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Advantages
• High deposition rates are achievable
• Source material can be placed in the crucible in many forms, 

such as pellets or powders
• Source material can often be obtained more cheaply
• Contamination can be avoided more easily with high purity 

sources and clean chamber environment

Disadvantages
• Films often have high residual film stress
• Common film defects include pinholes, lower density, 

column-like film structure
• Alloys evaporated will not necessarily maintain their 

compositions due different evaporation rates of constituents



Deposition Parameters
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Magnetron Sputter 
Deposition

Electron Beam 
Evaporation 
Deposition

Process 
Pressure 2E − 3 torr

Argon Flow 10 sccm

DC Power 150 W

Deposition 
Rate 5 Å/s

Tooling
Factor 200

Final 
Thickness 1.093 μm

Base
Pressure 1E − 7 torr

Voltage 10kV

Emission
Current 75 mA

Deposition
Rate 5 Å/s

Tooling 
Factor 161.4

Final
thickness 1.087 μm

These were the deposition parameters used for magnetron sputter deposition and electron beam evaporation 
deposition respectively.



Adhesion Test
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“Stud Pull Coating Adherence.” Quad Group Inc., 5 Aug. 2021, 
https://quadgroupinc.com/stud-pull-coating-adherence/

The adhesion strength of the films was tested by the stud pull method using a Romulus Pull Down Breaking Point Module.

A provided stud of known surface area possesses a high strength epoxy coating for bonding the stud to the film for testing. 
The tool pulls the stud from the film while measuring the force applied. The force at the breaking point is taken to be the 
adhesion strength of the film.

The adhesion strength limit of the epoxy is rated to be approximately 10,000 PSI. 

https://quadgroupinc.com/stud-pull-coating-adherence/


IR Microscope Images
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RMS roughness: 42.1 nm RMS roughness: 20.02 nm RMS roughness: 10.3 nm

RMS roughness: 84.03 nm RMS roughness: 22.96 nm RMS roughness: 3.92 nm

S1 360 Grit S1 600 Grit S1 1200 Grit

S2 360 Grit S2 600 Grit S2 1200 Grit



Roughness Before Ti Deposition: Scanned Along Print Direction
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RMS roughness: 2410.17 nm RMS roughness: 42.1 nm RMS roughness: 20.02 nm RMS roughness: 10.3 nm

RMS roughness: 3437.46 nm RMS roughness: 84.03 nm RMS roughness: 22.96 nm RMS roughness: 3.92 nm

RMS Values calculated over regions depicted by red line. This avoids curvature in samples contributing to the RMS value.



Roughness Before Ti Deposition: Scanned Across Print Direction
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RMS roughness: 2588.43 nm RMS roughness: 34.92 nm RMS roughness: 17.39 nm RMS roughness: 15.08 nm
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RMS roughness: 3832.64 nm
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RMS roughness: 13.57 nm

RMS Values calculated over regions depicted by red line. This avoids curvature in samples contributing to the RMS value.
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RMS roughness: 3378.3 nm RMS roughness: 231.69 nm RMS roughness: 297.64 nm RMS roughness: 189.16 nm

RMS roughness: 4516.92 nm RMS roughness: 97.35 nm RMS roughness: 46.93 nm RMS roughness: 34.86 nm

RMS Values calculated over regions depicted by red line. This avoids curvature in samples contributing to the RMS value.
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RMS roughness: 2594.49 nm RMS roughness: 69.17 nm RMS roughness: 17.41 nm RMS roughness: 109.76 nm

RMS roughness: 3355.25 nm RMS roughness: 40.98 nm RMS roughness: 23.76 nm RMS roughness: 35.93 nm

RMS Values calculated over regions depicted by red line. This avoids curvature in samples contributing to the RMS value.



IR Microscope Images of Adhesion Test Site
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S1 360 Grit S1 600 Grit S1 1200 GritS1 Mill, Bead Blast

S2 360 Grit S2 600 Grit S2 1200 GritS2 Mill, Bead Blast

• A large portion of test stud epoxy remained on the 6 samples that were ground and polished. 
• Some titanium coating was removed in 7/8 samples. 
• Removed titanium area was smaller than stud area, so the adhesion strengths (Force/Area) were likely higher than relayed by the tool



IR Microscope Images of Adhesion Test Site
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Adhesion Breaking Point: Batch 2
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Adhesion Breaking Point (PSI)

Sample 1 Sample 3

272.167 1765.2868

272.167
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0

2000

4000

6000

8000

10000

12000

S A MP L E  1 S A MP L E  3

AD
H

ES
IO

N
 B

R
EA

KI
N

G
 P

O
IN

T 
(P

SI
)

SAMPLE

Adhesion strength 
rating for testing 
stud epoxy

• Early in the internship, Nick and 
Charles provided us with 3 samples 
which were mounted and polished. 
They were used to test if the mounting 
epoxies could survive the deposition 
chambers unchanged and without 
producing residual gas.

• Samples 1 and 3 of this batch received approximately 0.5 μm of titanium coating by electron beam deposition. 
They were deposited as they were received without undergoing solvent cleaning or plasma cleaning. They 
underwent an adhesion test to determine if any part of the adhesion test would have issues with the samples.

• While the samples of this test were not from Batch 3, did not have the same titanium thickness, and used 
older test studs, the weak adhesion film strengths do suggest that some surface cleaning is necessary for 
increased adhesion strength. 



Adhesion Breaking Point: Batch 3
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POLISHING METHOD

S1: Ebeam Coating S2: Sputter Coating

Adhesion strength 
rating for testing 
stud epoxy

Adhesion Breaking Point (PSI)

Polishing Method S1: E-beam 
Coating

S2: Sputter 
Coating

Milling and Bead 
Blasting 10,406.5034 6,906.5493

360 Grit 9,411.8599 12,608.5686

600 Grit 10,953.5748 12,599.3996

1200 Grit 10,424.6821 9,613.7781

*

*

• From Batch 3: 7 out of 8 samples demonstrated adhesion strength around the strength limit of the epoxy of the testing stud.

• It seems to be the case that the samples have adhesion strengths beyond the limits of the adhesion tester and that the breaking points 
were primarily due to the test stud epoxy failing rather than our films.

• The milled and bead blasted sample* from set 2 showed the lowest strength, however I had initial difficulties testing it, and so it was tested 
3 times. Those 3 tests possibly weakened the film and impacted this measurement, so the adhesion strength of 6,900 PSI might be 
incorrect.



Conclusion and Future
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Conclusion

• We successfully produced a method for strongly adhesive titanium coatings on additively manufactured stainless 
steel samples.
– 7/8 of titanium coatings showed stud pull adhesion strengths of 9400 PSI or greater. The adhesion strengths seemed to 

have surpassed the limits of the adhesion pull test system.
– There was not an apparent difference in adhesion strength between the surface preparations of the samples. Depending on 

adhesion requirements, there might not be a large requirement for effort spent on surface preparation.
– There was not an apparent difference in adhesion strength between physical vapor deposition techniques.

Future
• Other adhesion test methods such as scratch testing might provide adhesion testing capabilities beyond the limits of the stud pull test. The Romulus 

Breaking Point tool has the “Stylometer” module which can provide adhesion scratch tests, however more research and evaluation would need to be 
done on that module.

• Argon/Hydrogen plasma cleaning might provide a more aggressive cleaning method if necessary.

• With more time, a more rigorous study could be performed to analyze the specific effects of polishing, remote plasma cleaning, or choice of physical 
vapor deposition method.

• There were additional characterization techniques, such as optical profilometry or energy-dispersive x-ray spectroscopy, which could have been 
useful to the project as well, but time restrictions prevented us from exploring more.

• Corrosion tests are needed to determine if the methods used here produce titanium films with high adhesion as well as high corrosion resistance.

Titanium

Stainless Steel



Student Experience
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• I learned about many topics over the course of my internship here at Los Alamos

• Electron Beam Deposition

• Sputter coating deposition

• Remote Plasma Cleaning

• Residual Gas Analysis

• Energy-Dispersive X-ray 
Spectroscopy

• Optical Profilometry

• Hydrogen Fuel Cells

• Additive Manufacturing

• Vacuum chamber maintenance 

• I also gained valuable non-technical experience during the internship including
– Reading wide sources of scientific and engineering literature to build knowledge foundations on several topics
– Developing a sequence of processes to accomplish our goal of depositing high adhesion titanium films
– Working in a large group of diverse workers and cooperating with each of them to accomplish different necessary 

tasks.
– Working in a structured 8 hour workday in which I have to carefully plan what I do each day to make the best use of 

my time
– Working in the unique environment of a national laboratory and understanding all the details that go along with it

I had a positive experience over this internship. I am very pleased with our outcome and believe that I could 
function well in a work environment such as this one day after I complete my education.
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